Abstract Even if pubic hair represents a reliable and widely accepted alternative hair matrix to identify drug abusers, it might produce false positive results due to external contamination. The aim of this study was to verify whether the external contamination of pubic hair with cocaine could influence the discrimination between active users and false positive subjects. The analysis was performed on in vivo and in vitro samples; the contamination was carried out by rubbing pubic hair with cocaine hydrochloride contaminated hands for three consecutive days. Five days after the beginning of the contamination, the pubic hair was collected and analysed at different times for two months. Data from our studies show that all in vivo samples yielded false positives; the in vitro samples were negative only for 10 days and then yielded false positives.
Introduction
Hair testing is widely employed in many forensic laboratories to identify drug abusers. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Nevertheless, the methods used for hair testing are limited by the risk of false positives due to external contamination. [17] [18] [19] [20] [21] The search for a method that can discriminate between passive exposure and active drug consumption has long been debated. However, two important aspects should be considered in order to correctly study this problem: the experimental models of contamination and the decontamination procedures. Experimental models of contamination should be as similar as possible to reality. Humans habitually touch themselves, especially on the head. Thus, hair is one of the most frequently touched areas. Therefore, persons who are professionally or illegally in a close contact with the drug, such as narcotic officers and subjects involved in illicit cocaine manufacturing or distribution, can contaminate themselves by touching their own hair. Similarly, the hair of a non-addict subject could be contaminated if a pusher or addict subject handles his head: in these cases, a hair test for drug abuse is extremely likely to give a false positive result.
Often, people who require a hair test have very short hair; in these cases, the sample could be collected from the pubic area. Pubic hair represents a reliable and widely accepted alternative matrix, often employed to ascertain or exclude drug abuse. 14, 23, 24 This matrix could also be contaminated, such as by an addict partner or, in case of non-addict pushers, by ''doses'' often hidden inside underwear.
Regarding this issue, Cairns et al. 22 propose three contamination models: (1) soaking, (2) coating with drug followed by sweat conditions for 6 h, and (3) soaking in a very high concentration of cocaine (10,000 ng/ml for 10 min), followed by storage and multiple shampoo treatments. The latter experimental model was carried out to verify contamination effects reported in a previous study about the external contamination of cocaine and a risk of false positive results. 17 The protocol published by Cairns and colleagues 22 proposes a ''wash criterion'': this decontamination method is based on repeated aqueous washes, analysis of the wash solutions and the application of an empirical ''wash criterion'' formula.
In the present study, we applied this decontamination method, which should allow externally contaminated samples and positive samples due to active consumption to be distinguished.
The present study was performed using the pubic hair of non-addict subjects contaminated with cocaine to verify that this ''wash criterion'' can discriminate between active users and false positives due to exogenous contamination. Moreover, our study was conducted for a longer period in order to investigate the real confidence of the method.
The endogenous formation of cocaine metabolites in contaminated pubic hair will be the aim of a successive study.
Materials and methods
The study was conducted on ten drug-free volunteers that gave informed consent. Before the start of the study, urine and pubic hair samples were analysed to exclude the presence of Contamination was carried out by subdividing subjects in two experimental groups (five subjects for each group). The study was realised using two different modalities: in vivo and in vitro.
In vivo study
Each subject of this group was asked to contaminate his or her own pubic hair in situ. Specifically, each subject was invited to apply 10 mg of powdered cocaine hydrochloride to the hands and to rub the hands for two minutes until the cocaine powder particles were dissolved by the sebaceous and sweat layer of the skin on the hands. The subjects were then adequately instructed to contaminate their own pubic hair by hand for 2 min as uniformly as possible in order to contaminate the pubic hair with a small amount of cocaine rubbed on hands. Eight hours after contamination, each subject could follow his or her usual personal hygiene routines; therefore, most of the contamination on the surface of the pubic hair was removed. This procedure of contamination was repeated over the following two days.
The aims of this method were to reproduce a truthful scenario and simultaneously contaminate the public hair as uniformly as possible.
Once the period of contamination was complete after the fourth day, each participant could follow his or her personal hygiene habits. The frequency of washing was variable among the subjects. Moreover, further washings were added to the personal hygiene habits during the last month of experimentation as a consequence of sea bathing because it was the beginning of the summer season.
To verify the penetration of the drug, the pubic hair of each participant was cut. After the first day of contamination, 50 mg of each sample were collected and analysed at the following times: on the 5th day, 10th day, 20th day, 30th day, 40th day, 50th day and 60th day.
In vitro study
Each subject of this group was asked to cut all of his or her own pubic hair as close as possible to the skin. The staff of our laboratory then contaminated the samples of pubic hair of this group after collection by rubbing 10 mg of powdered cocaine hydrochloride on their hands for two minutes until the cocaine powder particles were no longer visible. Each sample was then contaminated by hand for two minutes as uniformly as possible. Eight hours after contamination, each sample was washed using liquid soap for personal hygiene. This type of contamination was also repeated over the following two days.
After the contamination period, the samples of pubic hair were washed every day with liquid soap (for 2 min) and rinsed with water (for others 2 min); every sample of pubic hair was dried with blotting paper and then maintained at room temperature, wrapped in blotting paper and stored until the next washing.
After the first day of contamination, 50 mg samples were collected and analysed from each sample of pubic hair of each subject at the following times: on the 5th day, 10th day, 20th day, 30th day,40th day, 50th day and 60th day.
Decontamination and extraction procedures
Both the in vivo and in vitro samples were decontaminated using the procedure previously described by Cairns.
21 Each pubic hair sample was washed with 3 ml of dry isopropanol for 15 min in a vial. The vials were shaken vigorously at 37°C for 15 min; and the isopropanol was subsequently collected and analysed by gas chromatography coupled with a mass spectrometry detector (GC/MS). Three millilitres of 0.01 M phosphate buffer/0.01% BSA at pH 6 was then added to the pubic hair samples remaining in the vials and shaken vigorously for 30 min at 37°C; the buffer was collected in another vial to be analysed. This wash of 30 min was repeated twice more, followed by two washes of 60 min using the same conditions. Cocaine-d3 and d3-benzoylecgonine were added to the washes as internal standards and extracted using Bond Elut Certifyä columns on a Vac-Elut SPS 24ä vacuum manifold following the procedure recommended by the manufacturer.
Pubic hair analysis
After decontamination, each sample was finely cut, spiked with 1 ng/mg of cocaine-d3 and d3-benzoylecgonine as internal standards and incubated at 45°C for 24 h in 1 ml of HCl 0.1 N.
The aqueous acid solutions were collected and added to 1 ml of phosphate buffer 0.1 M (pH 7), adjusted to pH 6, and then extracted using Bond Elut Certifyä columns. The samples were derivatised and analysed using GC/MS. Each extract was derivatised with 50 ml N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) + 1% trimethylchlorosilane (TMCS), sealed and heated at 70°C for 30 min.
The analysis was performed with an Agilent Technologies (AT) 6890N gas chromatograph coupled to an AT 5973 Inert Mass Selective Detector (MSD) equipped with AT 7683 Series autosampler, operating in the EI mode (70 eV) with SIM monitoring.
An HP5 cross-linked fused-silica capillary column (30 m, 0.25 mm i.d.) with a 0.25 lm film thickness (Agilent) was linked to the Mass Selective Detector (MSD) through a direct capillary interface. The injector and interface temperatures were 250°C and 280°C, respectively. The oven temperature was maintained at 100°C for 2.25 min, then programmed to 200°C at 40°C/ min, to 260°C at 5°C/min, to 290°C at 20°C/min, and maintained at 290°C for 2 min. The source temperature was 230°C; the quadrupole temperature was 150°C; the carrier gas was helium with a flow of 1.2 ml/min.
Analysis was performed by monitoring the following ions: m/z 182, 303 (cocaine); m/z 240, 361 (benzoylecgonine TMS); m/z 185, 306 (internal standard cocaine-d3); and m/z 243, 364 (internal standard benzoylecgonine-d3).
Results
Urinalysis for cocaine and its metabolites was negative for each subject for the entire duration of the present study.
After analyses of the wash solution and pubic hair extracts, the wash criterion was applied 22 in order to determine its effectiveness in identifying the contaminated samples.
Specifically, the wash criterion was determined by multiplying the amount of drug per mg of pubic hair in the last wash (LW) by 5 and subtracting the result from the amount of drug per mg of pubic hair in the pubic hair extract. As assessed by Cairns, 22 if the result was less than the cut-off for cocaine (0.5 ng/mg hair), the hair should be considered contaminated.
The data from our studies are shown in Tables 1-4 . The decontamination procedure could not remove benzoylecgonine from pubic hair, as shown in Tables 3 and 4 .
All subjects yielded false positives in the in vivo experiment ( Table 1 ). The in vitro samples only remained negative until the 10th day (Table 2 ).
Discussion
The drug analysis of hair has expanded in forensic and clinical toxicology, such as in illegal drug abuse cases, post-mortem cases, drug-facilitated crimes, workplace drug testing and drug monitoring during treatment programs, etc. 25, 26 When scalp hair is not available, axillary and/or pubic hair is analysed. The aim of this study was to verify the ability of external pubic hair contamination to influence the discrimination between active users and false positive subjects. The analysis was performed on in vivo and in vitro samples.
In in vivo contamination, both the hair and skin are soiled by sebum; the hair not touched directly by the drug becomes contaminated by means of sebum diffusion. The sweat is mixed with fatty sebum, especially in hairy zones. As reported in the literature, 27 sebaceous glands could represent a route of penetration for the substances applied externally on the hair. Because cocaine is both water-soluble (as a hydrochloride) and fat-soluble (as a free base), it is soluble both in aqueous (such as sweat) and lipid media (such as sebum) and can penetrate into the hair matrix.
The data obtained from in vitro experiments are less realistic than those obtained in vivo, the multiple variables due to the individual pharmacokinetic characteristics cannot be verified. Our studies indicate that the data obtained from in vitro samples are more uniform.
Although many authors 19, [27] [28] [29] [30] have used several experimental models of hair contamination (i.e., soaking in aqueous drug solutions, soaking in organic solvent drug solutions and exposing to drugs vapour or smoke), we have contaminated the pubic hair by rubbing drugs on the samples by hand. This choice was made because the other contamination procedures, such as soaking the hair in an aqueous drug solution or treating the hair with drug vapours, do not reproduce a real scenario.
Conclusions
We believe that the contamination method represents a fundamental matter. Exogenous contamination occurs without a planned scientific method; in real life, hair contamination occurs randomly, and the drug does not uniformly contaminate hair.
Our in vivo pubic hair contamination resulted in higher cocaine concentrations than our in vitro procedure, even if the same amount of cocaine and the same contamination method were employed. This observation suggests that sweat and sebum might represent the carriers by which a drug penetrates into the hair matrix, as reported above.
Moreover, we observed that organic solvents can remove the sebum and the drug present only on the external surface of the hair; when the drug crossed this first layer of hair, it could be removed by aqueous solutions, such as phosphate buffer. However, aqueous solutions can only partly remove drugs that deeply penetrate the hair matrix.
Our findings seem to be confirmed by the fact that our in vitro decontamination values are similar to those obtained by Cairns et al. 22 Indeed, isopropanol washing is less effective than PO 4 buffer washing to remove the drug from hair.
The data obtained from our in vitro study indicated that all samples tested negative until the 10th day, as shown in Table 2 . Therefore, all in vitro samples tested on the 20th day and thereafter yielded false positives.
Our study was performed for a longer period (60 days) than the previous one. 22 Washing most likely removed most of the external contamination when the drug penetrated only the first layer over a short period (until the 10th day), whereas these washings are not effective in removing the drug that had deeply penetrated the hair matrix after the 20th day. In fact, all in vitro samples yielded false positive tests twenty days after contamination.
Despite the adoption of the decontamination procedure and wash criterion, all of our in vivo samples produced false positive tests (Table 1) . Initially, the in vivo cocaine concentrations were higher than those detected in vitro, likely due to greater drug penetration related to the sebum medium; subsequently, the in vivo cocaine concentrations decreased more rapidly than the in vitro concentrations. This difference could be explained by the normal hygiene habits of the subjects and by the increased frequency of washings (the study was carried out in spring and summer).
We also observed that benzoylecgonine was present in the hair matrix after Cairns' washing procedure (Table 3 and 4) . These data show that this decontamination method cannot remove this cocaine metabolite.
The detection of benzoylecgonine suggests a progressive penetration of cocaine into the hair, where the parent drug is partially transformed into its metabolite. This issue will be the aim of a subsequent manuscript.
A review of the current literature suggests that decontamination procedures are highly variable and not consistently performed by forensic laboratories. [31] [32] [33] The debate about the possibility of distinguishing between consumption and external contamination is not new 28, 34, 35 and remains open. New decision criteria may be necessary to adequately and reliably identify contamination.
In fact, the external contamination of pubic hair with cocaine can lead to the deposition of cocaine at concentrations that cannot be discriminated from the incorporation after drug use, even by extensive decontamination and washing procedures of the specimen.
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